Introduction
Spontaneous movement induced by the direct transformation of chemical energy into mechanical energy at a liquid-liquid interface was first reported by Dupeyat and Nakache in 1978. 1 This characteristic movement of the liquid-liquid interface was autonomously repeated at an interface between an aqueous solution of a surfactant and a saturated nitrobenzene solution of potassium iodide. A droplet of the aqueous surfactant solution was observed to shrink and expand periodically when added to the nitrobenzene phase, and vice versa. When potentiometry and interfacial tensiometry were applied to this system, synchronous nonlinear responses of the electric potential and the interfacial tension were observed; this phenomenon was recognized as being chemical oscillation.
Several chemical oscillatory systems on liquid-liquid interfaces have been proposed since the initial discovery by Dupeyat and Nakache. Yoshikawa and coworkers reported the use of a three-phase oscillatory system consisting of a liquid membrane of water, organic solvents, and water as the basis for a chemical sensor. 2 In their oscillatory system, pulse-like changes of the electric potential were periodically observed when surfactants were dissolved in one aqueous phase (donor phase). Because the potential waveform patterns change upon the addition of appropriate chemicals to the second aqueous phase (acceptor phase), there is potential for the system to be used in taste sensors. Considerable numbers of additional researchers have also reported oscillatory liquid membrane systems of varying compositions. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] In all cases, the surfactant in the donor phase is considered to be dissolved into the membrane phase and transferred to the acceptor phase. Conversely, the mechanism of the oscillatory behavior of liquid membranes has been the subject of controversy, and several mechanisms have been proposed. However, even for similar systems, the source interface where the oscillatory behavior occurs is thought to be different by different researchers. Some authors 7, 10, 13 have reported potential waveform patterns measured at the membrane/acceptor interface, while others have observed oscillations at the donor/membrane interface. repeated pulse-like changes of the electric potential with rapid flip motions of the interface are known when surfactant solutions are continuously injected into the aqueous phase at a certain rate through a capillary. 22, 23 When the interfacial tension measurement was performed just below the capillary tip that injected the surfactant solution, synchronization of the flip motion and the pulse-like change of the interfacial tension was observed. 24 In such a liquid-liquid two-phase system, the change in the interfacial tension at a position 15 mm below the capillary tip occurred 0.4 s after the flip motion. These results experimentally demonstrated that there was heterogeneity of the interfacial tension at the liquid-liquid interface that exhibited the flip motion.
Such heterogeneity of the interfacial tension is also expected to exist for liquid membrane systems. In fact, several measurements of the interfacial tension of liquid membrane oscillatory systems have been reported, 16, 17, 25 but the results were obtained using contact methods that can easily be disturbed by motion on the interface. To overcome this issue, we have studied the mechanism of the oscillatory behavior of interfaces using the quasi-elastic laser scattering (QELS) method, which monitors the capillary wave frequency. Because this method is an interfacial tension measurement method that does not contact the interface, it is suitable for observing the heterogeneity of the interfacial tension associated with Marangoni convection.
Herein, we report on the simultaneous observation of the time course of the interfacial tension of two interfaces in a liquid membrane system, i.e., the donor/membrane and membrane/ acceptor interfaces, via a modified QELS method that requires the use of one laser source and one spectrum analyzer. The existence of convective motion on the interface and its direction was confirmed, and simultaneous observations of the time course of the interfacial tension of the two interfaces also revealed interfacial tensiometric aspects of the three-phase oscillatory system. Furthermore, the relationship among the oscillatory behavior, the surfactant transfer, and adsorption were explored by investigating the concentration dependence of an electrolyte and co-surfactant that influenced the adsorption properties.
Experimental

Simultaneous measurement of the interfacial tension on two interfaces
For the measurement of the interfacial tension, the QELS method, which monitors capillary wave frequencies, was used. This method is based on the angle-and frequency-resolved detection of the interfacial quasi-elastic light scattering derived from capillary waves, [22] [23] [24] [26] [27] [28] [29] [30] [31] [32] [33] which is a type of Brillouin scattering by ripplons. There is a dispersion relation in the capillary wave,
where f, γ, k, ρ1, and ρ2 are the frequency of the capillary wave, the interfacial tension, the wave number of the capillary wave, and the densities of the two interfacial phases, respectively. When the interface is irradiated by an excitation laser, the frequency of the scattered light is blue-or red-shifted by the frequency of the capillary waves, and the scattering angle is also dependent on the wavenumber of the propagating capillary waves. For the detection of light scattered at a certain angle, optical heterodyne detection using a local oscillator (LO) from the output of an acousto-optic modulator (AOM) (ISOMET 1205C-2) with an up-shifted light frequency of 80 MHz from the original light frequency was used. The light source was a Nd:YVO4 laser (JUNO100, Showa Optronics Co., 532 nm). The scattering angle was determined by the irradiation angle of the LO laser beam, and the scattered light and the LO light were focused onto the detector. With optical heterodyne detection, the detected light intensity becomes:
where EQELS, ELO, F, fQELS, fAOM, φQELS, and φLO are the electric field of the interfacial scattering, the electric field of the LO, the frequency of the laser source, the frequency of the capillary wave, the frequency shift of the AOM, the phase of the interfacial scattering, and the phase of the LO light, respectively. Consequently, the capillary wave frequencies become detectable with a spectrum analyzer by monitoring the intensity modulation near fAOM ± fQELS. An avalanche photodiode (Hamamatsu Photonics, C5331-11) was used as the detector, and the laser light was introduced at 5% power into the AOM to generate the LO light. A real-time spectrum analyzer (Tektronix, RSA3303A) was used to obtain the frequency spectrum.
In the current experiment, the interfacial tension of two positions was also measured simultaneously. For synchronous measurements, spectral separation of the capillary wave frequency was applied so as to enable two-channel detection. The experimental setup of the synchronous measurement of the interfacial tension is shown in Figs. 1(a) and 1(b). The excitation and LO laser beams were each separated into two beams using a beam splitter, and the different irradiation angles of each LO beam were applied, resulting in the detection of capillary waves at different frequencies with different wavenumbers. The scattered light from the two positions with different scattering angles was introduced into one detector and monitored by a spectrum analyzer.
A typical frequency spectrum for the two-position measurement is presented in Fig. 1 (c), which shows that two pairs of peaks were spectrally resolved along with a spike-like peak at 80 MHz. A larger scattering angle was selected for the membrane/acceptor interface (approximately 1.4 ) than that for the donor/membrane interface (approximately 0.5 ), which resulted in higher frequency shifts in the spectrum of the membrane/acceptor interface (two peaks at ±71 kHz from the 80 MHz peak in Fig. 1(c) ) than that in the spectrum of the donor/membrane interface (two peaks at ±8 kHz from the 80 MHz peak in Fig. 1(c) ). To calculate the interfacial tension from the detected frequency, the frequency of the air/water interface was used as a reference at each sampling point (72 mN/m was taken as the surface tension of water). For time-resolved measurements of the interfacial tension, the integration and interval of the time-resolved measurements was 4 s. When a single-point measurement was performed, the beam splitter was removed, and the signal from only one interface was monitored.
Experimental setup and reagents for the three-phase oscillation system
The experimental setup for the water/nitrobenzene/water three-phase system as a liquid membrane oscillator is shown in Fig. 1(b) . The liquid membrane in the present study consisted of two aqueous phases, the donor and acceptor phases, separated by an organic membrane phase containing nitrobenzene. The aqueous donor phase was a solution of cetyltrimethylammonium bromide (CTAB) (Sigma-Aldrich Co., LLC.) and 1-butanol (Kanto Chemical Co., Inc., Japan). The aqueous acceptor phase was a solution of sodium chloride (NaCl). Picric acid (Kanto Chemical Co., Inc.) or tetrabutylammonium tetraphenylborate (TBATPB) was dissolved as an electrolyte in the nitrobenzene membrane phase.
TBATPB was synthesized from tetrabutylammonium bromide (Kanto Chemical Co., Inc.) and sodium tetraphenylborate (Kanto Chemical Co., Inc.). 33 Nitrobenzene was purchased from Kanto Chemical Co., Ltd., Japan, and the water was obtained using a water purification system (Milli-Q Integral 3, Millipore). A 60 × 60 × 30 mm 3 quartz cell was used as the reactor, and a plastic tube (diameter: 38 mm) with a V-shaped deformation was used to separate the aqueous phases in a manner similar to that previously reported. 12, 15 The height of the V-shaped deformation was 4 mm, and the distance to the liquid-liquid interface from the top of the deformation was 2 mm. To eliminate the formation of a meniscus by the nitrobenzene organic membrane phase, the quartz cell surface was modified with dichlorodimethylsilane (Kanto Chemical Co., Inc.) at a position 10 mm above the bottom of the cell. To prepare the liquid membrane oscillator, a nitrobenzene solution (36 mL) was first poured into the cell. A tube was then inserted into the organic phase, and the aqueous donor solution (10 mL) and the aqueous acceptor solution (20 mL) were gently poured onto the nitrobenzene layer.
The sampling points for the measurement of the interfacial tension of the donor and acceptor interfaces were located at 8 and 10 mm, respectively, from the V-shaped deformation of the tube. For observations of the convective motion of the membrane/acceptor interface, a small amount of carbon powder (Kanto Chemical Co., Inc.) was scattered onto the interface, and the motion of the powder particles was monitored using a video camera (Sanyo DMX-HD2).
Two saturated Ag/AgCl reference electrodes with a double junction holder (International Chemistry Co., Ltd.) were inserted into each aqueous phase for potentiometry, and the corresponding donor/acceptor aqueous phases were filled in each outer jacket. The electric potential of the aqueous acceptor phase versus that of the aqueous donor phase was measured using an electrometer (ADVANTEST, 8240) and recorded every second.
Results and Discussion
Source interface for the potential oscillation behavior of the electric potential
In many studies of liquid-membrane oscillatory systems, picric acid has been used as the electrolyte in the organic phase. However, in this system, the amplitude of the change in the interfacial tension during oscillation was 1 mN/m or less, and the signal-to-noise ratio for synchronous measurements of the interfacial tension using the QELS method limited the ability to detect such changes. Hence, TBATPB was used as a hydrophobic electrolyte in the organic phase, providing a much larger amplitude for the change in the interfacial tension and a much larger interval. Figure 2 presents the time course of the simultaneously observed time-resolved interfacial tension of the donor/membrane and the membrane/acceptor interfaces as well as the electric potential between the two aqueous phases. The concentrations of CTAB, TBATPB, 1-butanol, and NaCl were 5 mmol/L, 1 mmol/L, 0.05 mol/L, and 0.1 mol/L, respectively. It can be seen in the figure that the oscillatory behavior of the electric potential and the interfacial tension at the membrane/ acceptor interface were synchronous, while the behavior of the interfacial tension at the donor/membrane interface was completely different. It should be noted that these results were consistently reproducible.
The relationship between the amplitude of the electric potential and the interfacial tension for each pulse-like drop (between the peak top and the prior baseline) can also be seen in Fig. 2(d) . Among the reported studies of the interfacial tension of the three-phase liquidmembrane oscillators, one involved the use of CTAB; the authors have described the source interface for the oscillation as the donor/membrane interface. 16 However, in our three-phase system, the present results clearly indicate that the electric potential oscillation is derived from the adsorption/desorption behavior of the surfactant molecules/ions at the membrane/ acceptor interface. The amplitude of the pulse-like drop of the interfacial tension in our system with TBATPB was also much larger (approximately 9 mN/m) than that previously reported for studies using picric acid (approximately 1 mN/m). 16, 17, 25 A complex formation of picrate and CTA + was reported by Pimienta et al., 14 meaning that the surface activity of CTA + was reduced by the coexistence of picric acid. We have also reported that the influence of TBATPB to surfactant adsorption on the water/nitrobenzene interface is negligible. 33 It was, hence, expected that the surface activity of CTA + was hardly affected by TBATPB, so that a large amplitude of a pulse-like drop was obtained in our systems.
At the donor/membrane interface, a gradual increase in small steps (approximately 0.6 mN/m) of the interfacial tension was observed. Some of the small steps occurred simultaneously with the pulse-like change in the electric potential, but others were not synchronized, or took place 50 -100 s earlier than the electric potential changes. Assuming that the increase in the interfacial tension of the donor/membrane interface is because of the desorption of CTA + from the donor/membrane interface, the small steps indicate a periodic desorption and diffusion of CTA + into the organic nitrobenzene membrane. The synchronicity implies that there is some correlation between the donor/membrane interface and the electric potential change, although the oscillatory behavior of the electric potential is still derived from the membrane/acceptor interface.
Relationship among the convective motion, oscillatory behavior of the interfacial tension, and the electric potential
When there is a concentration gradient that results in a heterogeneity of the interfacial tension, Marangoni convection is induced. In our three-phase system, there is a V-shaped deformation that is the closest transfer path for the CTA + ions from the donor phase to the acceptor phase, and it is expected that the initial heterogeneity of the interfacial tension of the area closest to the V-shaped deformation results in Marangoni effects and subsequent oscillatory behavior. Therefore, the existence of interfacial convective motion was investigated by observing the movement of carbon powder particles on the membrane/acceptor interface. 23 The observed sequential video pictures tracing the movement of the carbon powder particles on the membrane/ acceptor interface is shown in Fig. 3 . Carbon powder was scattered on the interface when the three-phase system was established, and the motion of carbon powder particles during the first pulse-like drop was recorded using a video camera to monitor the convective motion on the interface. The convection began at time zero (Fig. 3(a) ), and black carbon powder initially covered the interface. As time lapsed (Figs. 3(b) -3(d) ), the transparent area without carbon powder expanded, and it could be seen that the convection initially occurred on the interface just above the V-shaped deformation of the plastic tube. These results indicate that the convective motion initially began above the V-shaped deformation, and that mass-transfer from the tube-wall toward the cell-wall occurred near the interface. Namely, the adsorption of CTA + was initially localized above the V-shaped deformation, and then the solution with a high concentration of CTA + near the tube rapidly spread throughout the near-interfacial region of the membrane/acceptor interface. The increase in the concentration in the interfacial region because of convection affected the amount of CTA + that was adsorbed, resulting in pulse-like drops of interfacial tension. The pulse-like drops of electric potential also resulted from the adsorption of the widely transferred CTA + on the membrane/ acceptor interface. The slow recovery of the interfacial tension and the electric potential occurred because of the diffusional decrease of the CTA + desorbed from the interface to the bulk aqueous and organic phases.
Contribution of the solutes to the interval of the oscillatory behavior
Liquid-membrane oscillatory systems are also known to be sensitive to the solute concentration. In this study, therefore, the effect of the transfer ratio on the interval of the oscillatory behavior was investigated by obtaining the spectrum without 1-butanol. The absence of 1-butanol led to a decrease in the miscibility of the CTA + from the donor phase into the organic membrane phase, 34 and thus the transfer ratio of CTA + toward the membrane/acceptor interface was expected to decrease. Figure 4 presents the time-resolved interfacial tension of the two interfaces and the electric potential in the absence of 1-butanol. The concentrations of CTAB, TBATPB, and NaCl were 5 mmol/L, 1.0 mmol/L, and 0.1 mol/L, respectively. In the absence of 1-butanol, the average interval of the oscillatory behavior increased. Figure 4 shows that the two pulse-like drops were observed without 1-butanol within 2000 s (875 s average interval excluding the first drop), in contrast to the three pulse-like drops observed in the presence of 1-butanol within 2000 s (685 s average interval, Fig. 2(a) ). These results can be explained by a decrease in the transfer ratio of CTA + from the donor phase to the membrane/acceptor interface because of the decrease in the solubility of CTA + . Because the amount of CTA + transferred to the membrane/acceptor interface decreased, more time was required to reach the critical concentration at which the oscillatory behavior on the interface occurred.
Next, the dependence of the interfacial tension on the concentration of NaCl in the acceptor phase was investigated, because the amount of electrolyte in the aqueous phase often affects the adsorption and oscillatory behavior on the interface. 24, 33 The obtained dependence of the interfacial tension of the membrane/acceptor interface and the electric potential between the two phases on the NaCl concentration is shown in Fig. 5 . The concentrations of CTAB, 1-butanol, and TBATPB were 5 mmol/L, 0.1 mol/L, and 1.0 mmol/L, respectively, and the NaCl concentrations were 0.01, 0.1, and 1 mol/L. Note that the results at each NaCl concentration were independently acquired. In Fig. 6 , the relationship among the average interval of the oscillatory behavior, the average amplitude of the interfacial tension (Fig. 6(a) ), and the average amplitude of the electric potential for the pulse-like drops (Fig. 6(b) ) are also presented for each NaCl concentration. In contrast to the results obtained in the absence of 1-butanol, the amplitude of the interfacial tension, the electric potential, and the interval for the pulse-like drop decreased as the concentration of NaCl increased. The decrease in both the amplitude of the interfacial tension and the electric potential indicates that the adsorption behavior, including the adsorption rate and adsorbed quantity at the membrane/acceptor interface, was affected by increasing the NaCl concentration.
It is believed that the influence of the NaCl concentration on 6 The relationship between the average interval and the average amplitude of (a) the interfacial tension and (b) the electric potential for the pulse-like drops with different NaCl concentrations the oscillatory behavior is because of a lowering of the threshold concentration gradient for the occurrence of Marangoni convection. In the current system, the convective motion observed during the pulse-like drops was driven by the gradient of the interfacial tension, which was derived from the concentration gradient near the interface. If convective motion occurred because of a smaller concentration gradient created by the addition of NaCl, it would take less time to reach the interfacial concentration threshold, and thus the interval would be reduced. In this case, the amount of CTA + transferred between the tube and the membrane/acceptor interface could also be smaller, and thus the resulting amplitude of the interfacial tension would decreased. The electric potential was also decreased because the adsorbed amount of CTA + ordered on the interface decreased due to a decrease of the CTA + concentration in the solution. The existence of this correlation among the interval, the corresponding amplitude of the interfacial tension, and the electric potential in Fig. 6 also supports the relationship between the decrease in the amplitude of the interfacial tension (and the electric potential) and the transferred amount of CTA + in the membrane phase during the time between pulse-like drops.
Because there are several parameters that can influence the intensity of Marangoni convection, it is effective to evaluate the intensity using a combined dimensionless Marangoni number, Ma, in the form: 35, 36 Ma h
where σ, μ, C, D, h, and l are the interfacial tension, the viscosity coefficient, the interfacial concentration of the surfactants that influence the interfacial tension, the interfacial diffusion coefficient of the surfactants, the characteristic length, and the coordinate for discussing the concentration gradient, respectively. To avoid decreasing the Marangoni number and to maintain the intensity of the convective motion, even when the concentration gradient (dC/dl) decreases, the other parameters, such as dσ/dC, μ, or D, must be affected by the NaCl concentration. The viscosity of the NaCl bulk aqueous solution does not decrease when the concentration of NaCl is increased, and it is not likely that the diffusion coefficient of the CTA + is much affected by the concentration of NaCl in the aqueous phase, because CTA + originates from the organic phase. Conversely, it has been reported that the surface tension of CTAB solutions decreases when the NaCl or KCl concentration increases at the air/liquid interface, [37] [38] [39] and this behavior has been attributed to screening of the electrostatic repulsion of the ionic head groups of the CTA + by counter anions. Therefore, in the current system it is natural to consider that an increase in the concentration of NaCl results in an increase in the concentration of counter anions in the aqueous phase that neutralize the CTA + , which leads to an increase in the amount of adsorbed CTA + , resulting in a subsequent increase in dσ/dC. Hence, in such a case, the threshold concentration gradient for Marangoni convection decreases, resulting in a decrease in the interval and the amplitude of the interfacial tension and the electric potential.
Conclusions
Simultaneous measurements of the electric potential and the interfacial tensions of both the donor/membrane and membrane/ acceptor phases were carried out to clarify the spontaneous oscillation origin, about which contradictory results have been reported. 4, 5, 8, 10 A two-channel extension of the QELS method was demonstrated as a non-contact and multi-position measuring method of interfacial tension, which strongly depends on the adsorption of surfactants. It was proved that the oscillatory behavior of the electric potential in the current three-phase system mainly resulted from the rapid adsorption of CAT + ions surfactants, which were fed by Marangoni convection to the membrane/acceptor interface.
It was further found that changes in the concentrations of NaCl in the aqueous acceptor phase and 1-butanol in the aqueous donor phase can affect the interval, amplitudes of the interfacial tension, and electric potential for the pulse-like drops. Two mechanisms were proposed to explain the changes in the interval and the amplitude of the oscillatory behavior: (1) an increase in the transfer rate of CTA + from the donor phase to the acceptor phase by 1-butanol and (2) lowering of the threshold in the interfacial tension imbalance for Marangoni convection by increasing the adsorption rate of CTA + due to the electrostatic screening by NaCl.
